The BioSand filter (BSF) is a point-of-use treatment technology used in developing countries to improve drinking water quality. Studies on the BSF to date have mainly focused on bacterial, protozoan and virus reduction and less on the filter's effect on chemical contaminants that may also affect human health. This study explored the potential for nitrification in field-scale trials of four BSFs treating water from a covered drilled well in rural Cambodia. The effect of raw water ammonia concentration (0.4 to 18 mg-N/L) and filter idle time (2 and 24 h) were investigated. Incomplete nitrification was observed in both control and test BSFs as inferred from nitrite and nitrate measurements. At the highest ammonia loading (18 mg-N/L), the sum of ratios of nitrite and nitrate in BSF effluent exceeded the World Health Organization's limit by as much as 40%, but only due to the presence of 1.5 mg-N/L nitrate in the influent. Three methods for minimizing nitrite and nitrate in filtered water were evaluated, including wasting certain fractions of filtered water that may have higher concentrations, cleaning the BSFs and allowing filtered water to aerate for a period of time.
to the experiment by filtering 20 L of water each day, which is representative of household use.
Raw water
Raw water was collected from a covered deep well in Popeal Kaye Village, 50 km south-east of Phnom Penh, Cambodia.
BSF units in this area had previously been identified by Murphy et al. (b) as showing evidence of nitrification. Murphy et al. (b) noted that ammonia, nitrite and nitrate levels were high (and at times exceeded WHO guidelines) in source waters due to the application of fertilizers on nearby rice fields and a lack of human and animal waste management. Three times per week (Monday, Wednesday and Friday), 200 L of water was transported to the laboratory in Phnom Penh in ten 20 L plastic carboys completely filled and capped to minimize the addition of oxygen during transport. The water was then stored in the carboys in the shade until use, which was never more than 30 hours. Overnight storage of source water prior to filtration is not uncommon in rural Cambodia. One full carboy of water was poured into each BSF each day, except on Sundays. Ammonia, nitrite, nitrate and pH of the raw water were measured immediately before the water was poured through the BSFs. Temperature data were not collected; typical daily low and high temperatures were 24 W C and 32 W C.
The well water characteristics are summarized in Table 1 . Two samples of water were collected as a baseline.
One was taken during the dry season, on June 8, 2011, and the other was taken during the wet season, on August 5, 2011, roughly at the beginning and end of the study period. The presence of Escherichia coli in the well water suggests that the groundwater may be under the influence of surface water; however, this water has low particulate and microbial levels compared to typical surface water and dug wells in the area.
Ammonia-spiked water
For certain experiments, ammonia was added to the water samples in the form of urea [CO(NH 2 ) 2 ], which is commonly used as a fertilizer by Cambodian farmers and is a common 
Chemical analyses
The chemical analyses for nitrogen-containing species used a HACH ® DR/890 portable colorimeter and corresponding HACH ® reagents. 
Baseline performance
Initially, the four BSFs were acclimated for 5 weeks using All nitrite measurements during the 3 week baseline testing period were less than the lower limit of detection of 2 mg-N/L for Hach Method 8153 (subsequent nitrite The WHO guidelines specify that the sum of the ratios of nitrite and nitrate relative to their individual limits should not exceed 1.0 (i.e., if the nitrite concentration is 50% of its limit, then the nitrate cannot exceed 50% of its limit). In the two ammonia-spiked BSFs, approximately half of the 20 individual measurements over the 5 weeks exhibited ratios above 0.9, ranging from 0.9 to 1.4 (the two control BSFs had ratios remaining below 0.2 in all cases).
In all cases, the ratios would have remained below 1.0 had 
Impact of cleaning filters on nitrite and nitrate formation
During the cleaning process, the top layer of the sand media is manually rinsed and particulates are removed to allow a return to faster filtration rates. It was hypothesized that this might remove some of the biomass that produces the nitrification, leading to less nitrite and nitrate in the treated water. No such consistent trend, however, was observed (data not shown).
Nitrite and nitrate formation at different depths within the filter bed
Serial 2 L aliquots of water were withdrawn from a BSF to which water had been added 24 hours previously, to examine whether certain regions within the BSF were more responsible for nitrification than other regions. As shown in Figure 4 , the nitrite concentration was lowest in the first 2 L of withdrawn water, which had remained idle in the region downstream of the media (in the gravel underdrain and the riser pipe). Since the gravel and riser pipe do not have the high surface area for nitrification that might be present in the filter bed, it is understandable that less nitrification might be observed. Subsequent aliquots of water withdrawn had been idle in the lower depths of the filter, followed by aliquots that had been idle in the upper depths. The final two aliquots were not idle in the filter, but were from the new batch of influent used to push the stored treated water out of the BSF. These samples all exhibited considerable increases in nitrite with a maximum somewhere near the middle depths of the filter media. The nitrate concentrations were more uniform, with a localized maximum occurring again somewhere near the middle depths of the filter.
The data suggest that minimal nitrite and nitrate levels might be achieved by using only water from the first 2 to 4 L of water withdrawn from the filter after new water is poured in. The effect here is that the water has no idle time in the filter media. The practicality of this approach is doubtful as there is no method using the current BSF design to limit users to drinking only this water. Furthermore, one of the benefits of the BSF system is that pathogen reduction is believed to be improved with idle time within the filter media ( 
CONCLUSIONS AND RECOMMENDATIONS
In 2010, Murphy et al. (a, b) reported evidence of nitrification in BSFs in Cambodia which caused concern among practitioners who oversee the installation of these devices.
This study was an important follow-up to confirm the nitrification, to quantify it, and to try to identify methods to minimize the risk. While this study was limited, the factors that caused the limitations (working in a resource-limited country with rudimentary tools) are also, in a sense, a strength in that the study was undertaken under exact field conditions.
This study showed that nitrification in BSFs can occur;
however, a very high concentration of ammonia was used If it is not possible to redesign the BSF system to reduce nitrification, an alternative approach would be to restrict its use when waters contain a high concentration of ammonia.
Unfortunately, it is difficult for communities such as those in Cambodia that participated in this study to identify waters that may contain elevated ammonia. Work to create better indicators of ammonia pollution would be beneficial. This study also reinforces the importance of source water protection as a key to public health in developing communities.
